have been found to excrete abnormally large amounts of the tryptophan metabolite xanthurenic acid. The administration of the pyridoxine antagonist, deoxypyridoxine, to humans (8) or rats (9) has been shown to produce a severe disturbance of tryptophan metabolism in these species as manifested by the excretion of large amounts of xanthurenic acid following the administration of a "loading" dose of tryptophan. These observations have prompted studies of the urinary excretion of xanthurenic acid as an index of the antipyridoxine activity of isoniazid. Studies with humans (3) and rats (10) ingesting isoniazid have revealed an increased excretion of xanthurenic acid after ingestion of tryptophan. Rosen (11) reported no increase in xanthurenic acid excretion when isoniazid was administered to pyridoxine-deficient rats, even though the rats showed other signs of pyridoxine deficiency. In the studies of Biehl and Vilter (3) the administration of large doses of isoniazid resulted in a considerable increase in urinary excretion of vitamin B8, about a 40 per cent incidence of clinical evidence for pyridoxine de- it appeared that the clinical evidence for pyridoxine deficiency in rats or humans given isoniazid was more striking than the xanthurenic acid excretion studies would suggest (3, 11) .
The present studies were undertaken in an effort to determine whether or not the simultaneous quantitative measurement of several urinary metabolites of tryptophan would reveal additional evidence of a disturbance in the metabolism of this essential amino acid in patients ingesting isoniazid. The extensive paper chromatographic studies of Dalgliesh (12) revealed that pyridoxine-deficient rats excreted not only xanthurenic acid, but large amounts of several other intermediary metabolites of tryptophan. Methods have been developed for the quantitative determination of several of these intermediary metabolites of tryptophan in urine (13) (14) (15) . The application of these methods in quantitative studies of tryptophan metabolism in normal human subjects has been reported (14, 16) .
The present detailed studies on tryptophan metabolism were made repeatedly over a period of several weeks during which time the dosage of isoniazid was increased until abnormal tryptophan metabolism was observed. Once the metabolic pattern became abnormal, pyridoxine and three other members of the vitamin B-complex, each of which has been suggested to play some role in tryptophan metabolism, were administered in an attempt to determine which of these vitamins might be required to overcome the effects of isoniazid on this metabolic pathway. A preliminary report of these studies has been made (17) .
EXPERIMENTAL
Analytical procedures. The methods for the determinations of urinary kynurenic acid, xanthurenic acid, N-methyl-2-pyridone-5-carboxamide (pyridone), anthranilic acid glucuronide, N-a-acetylkynurenine, kynurenine, o-aminohippuric acid, and 3-hydroxykynurenine were those previously described (13) (14) (15) (14, 18) was utilized to verify the quantitative determinations of aromatic amines in every urine studied.
Subjects. The studies were conducted on six male patients with tuberculosis from the Veterans Administration Hospital, but the detailed data presented were obtained from three of these subjects. Subject 2 was used for three of the studies and the others were used for one study each. Subjects 1 and 2 were Negroes, and subject 3 was white. The subjects all had pulmonary tu- for Figure 1 ) the following procedure was carried out: a 24-hour urine collection (in amber bottles under toluene) was started at 7 armL on Monday, and the subject ingested 2.0 Gm. (9.8 mM) of L-tryptophan at 7 a.m. on Tuesday. A second 24-hour urine collection was completed by 7 a.m. on Wednesday and all changes in medication were made at this time.
The tryptophan was administered as a single dose in four 0.5-Gm. gelatin capsules (Figures 1 and 2 ) or as four 0.5-Gm. tablets 3 (Figures 3 through 5) . The deoxypyridoxine4 was given in gelatin capsules and the isoniazid and vitamins were standard pharmaceutical preparations. The deoxypyridoxine and isoniazid were administered in three equal doses each day and in amounts indicated in the legends for the figures. Thiamine was given at a dosage of 300 mg., and the other vitamins at levels of 75 mg., in three equal portions daily. Once a vitamin supplement was started it was continued throughout the remainder of the study. The urine samples were always analyzed the week they were collected in order to obtain the data in time so that it could be used in selecting the next dose of drug or other supplement.
RESULTS
The data obtained have been summarized in Figures 1 through 5. An abbreviated outline of the metabolic pathway from tryptophan to nicotinic acid has been presented in Figure 6 . The 8 The tryptophan was compressed into 0.5-Gm. tablets for these studies by Dr. Rodney P. Gwinn and his associates at Abbott Laboratories, North Chicago, Illinois. ' The deoxypyridoxine was generously supplied by Dr. (37) ; and 4) 3-hydroxykynurenine to xanthurenic acid (37) . Niacin in the form of triphosphopyridine nucleotide was required for the hydroxylation of kynurenine to hydroxykynurenine (18) and riboflavin also has been suggested to play a role in this reaction (24) (25) (26) of ingestion of 600 mg. of isoniazid daily, the excretion of kynurenine and acetylkynurenine were increased to abnormal levels after ingestion of tryptophan. After the isoniazid intake was increased to 750 mg. daily the yield of kynurenine, xanthurenic acid and acetylkynurenine rose to increasingly abnormal levels. The vitamin supplements were started after the seventeenth week and an additional vitamin was added weekly. After the pyridoxine was added to the vitamin supplement the response to the test dose of tryptophan was restored to normal. The effects of the other three vitamin supplements were of doubtful significance, though there was a slight drop in kynurenine excretion when the niacin supplement was started.
The second experiment ( Figure 2 ) was essentially a repetition of the first study and gave comparable results. Subject 2 did not receive any isoniazid when the initial study was done. This subject usually excreted more acetylkynurenine than xanthurenic acid, while the opposite was true with subject 1. The subject was kept on supplements of thiamine, riboflavin, and nicotinamide for two weeks before the pyridoxine was started, since the results obtained with the first subject suggested that a slight decrease in kynurenine occurred after niacin was started. Again the addition of niacin slightly decreased the yield of kynurenine. The pyridoxine supplements restored the tryptophan metabolism to normal.
By the time the next study was undertaken (Figure 3 ) a method for the determination of 3-hydroxykynurenine was available. This subject excreted an abnormally high level of 3-hydroxykynurenine in the initial study. A daily administration of 450 to 600 mg. of isoniazid resulted in a severe disturbance of tryptophan metabolism and the last study at four weeks (900 mg. isoniazid daily) revealed a remarkable increase in the excretion of 3-hydroxykynurenine. This one metabolite accounted for over 25 per cent of the 9.8 mM supplement of tryptophan, and the kynurenine accounted for over 10 per cent of the amino acid given. Acetylkynurenine and xanthurenic acid were excreted in approximately equal quantities, and as in all studies on isoniazid the kynurenic acid excretion was less than normaL
In the next study ( Figure 4 ) the subject was started on 900 mg. of isoniazid daily at zero time and was maintained at that dosage for eleven weeks. Within one week, when the first study was made, the hydroxykynurenine accounted for about 17 per cent of the dose of tryptophan. After six weeks on an intake of 900 mg. of isoniazid daily the pyridoxne supplements were started, and thereafter the response to the 9.8 mM dose of tryptophan was normal. The addition of the other three vitamins had no detectable influence on the response to tryptophan.
The effect on deoxypyridoxine on the fate of ingested tryptophan ( Figure 5 ) was similar to that of isoniazid except that xanthurenic acid excretion was considerably greater and was almost equal to that of kynurenine. Unlike the observations during isoniazid treatment the administration of deoxypyridoxine was accompanied by abnormally high kynurenic acid excretion. Again, although the addition of thiamine, riboflavin and niacin supplements had little, if any, effect on the metabolism of the test dose of tryptophan, pyridoxine restored the urinary excretion of metabolites to normal Another subject was started on deoxypyridoxine (subject 3) at a level of 150 mg. daily. Within one week the response to tryptophan ingestion was similar to that in Figure 5 at the same dosage of deoxypyridoxine (2 weeks). The first supply of deoxypyridoxine was exhausted at this point and a new batch was used. The second week (end of one week on the new supply) the response to tryptophan was about half that of the previous week. Although the intake of deoxypyridoxine was gradually increased to 450 mg. daily the excretion of the metabolites of tryptophan fell to almost normal by the seventh week, indicating that the second lot of deoxypyridoxine probably contained some substance with vitamin Bs activity., The other studies on isoniazid which were not presented were all incomplete for some reason, usually because the subject developed some additional illness. The incomplete results were in general agreement with the data presented ( Figures  1 through 4) .
None of the subjects experienced any symp5Hoffmann-La Roche, Inc., reported that samples of the two lots of deoxypyridoxine have now been tested microbiologically for antipyridoxine activity, and the first batch of drug had about 20 times the activity of the second. toms that could be attributed to the ingestion of either isoniazid or deoxypyridoxine.
Although, as stated previously, the basal excretions of the various metabolites (the 24-hour periods prior to tryptophan supplementation) were of insignificant quantities compared with the excretion following ingestion of tryptophan, they were altered somewhat by isoniazid or deoxypyridoxine. Thus, kynurenic acid was usually excreted at basal levels of 7 to 10 pM daily and the ingestion of isoniazid or deoxypyridoxine decreased these levels to 3 to 8 MM per day. Basal values for kynurenine excretion ranged from 8 to 12 ,M daily but invariably increased to 35 to 45 ,uM daily at the times when the response to the tryptophan load yielded quantities of 700 to 1,000 ,M of this metabolite. The pre-and post-tryptophan values for urinary o-aminohippuric acid and anthranilic acid glucuronide were very similar to those observed in studies on normal human subjects (14) , and the volatile amine from the acetylkynurenine fraction (14) was usually comparable to the values found on direct diazotization and coupling of this fraction, which indicated that little, if any, free anthranilic acid was excreted.
Although the pyridone excretion usually remains elevated for several days after the ingestion of tryptophan (14, 16) or niacin (19) the amount excreted the first day provides some indication of niacin formation from tryptophan. In general, the subjects excreted less than the expected amounts of pyridone following ingestion of tryptophan. Subject 1, however, invariably excreted more than the expected amounts of pyridone following ingestion of tryptophan, so that in these studies no conclusions could be made concerning the effects of isoniazid on the conversion of tryptophan to niacin. When the nicotinamide supplements were given to these subjects the pyridone excretion increased to very high levels, which suggested that isoniazid and deoxypyridoxine had little, if any, effect on the conversion of niacin to the pyridone.
DISCUSSION
In these studies the subjects were maintained on a general hospital diet and no attempt was made to regulate the food intake. The subjects maintained their weights or gained slightly during the experiments. Previous work has indicated that the urinary excretion of these metabolites of tryptophan (except for the pyridone) was about the same on self-selected or constant dietary intake (16) . The magnitude of the disturbance of tryptophan metabolism observed in the present studies makes it appear unlikely that a carefully regulated diet would have contributed much to the results. However, a larger dietary intake of pyridoxine probably would have made it necessary to administer higher doses of isoniazid and deoxypyridoxine to achieve effects similar to those observed.
All of the subjects used in these studies had essentially normal tryptophan metabolism prior to the ingestion of isoniazid or deoxypyridoxine except for subject 3 who, for unknown reasons, excreted an abnormal amount of 3-hydroxykynurenine. Abnormal tryptophan metabolism has been found in patients with tuberculosis (20, 21) . However, Dalgliesh and Tekman (22) reported that large quantities of kynurenine and hydroxykynurenine were excreted by patients, including those with tuberculosis, only if there was an elevation of body temperature. The fact that the subjects used in the present studies did not have an elevation of the body temperature and had normal tryptophan metabolism in the absence of the drugs corroborates these findings.
Biehl and Vilter (3) reported that not all tuberculous patients receiving isoniazid therapy excreted abnormal quantities of xanthurenic acid after tryptophan loading. The present studies, however, leave little doubt that large doses of isoniazid produced a profound disturbance in the metabolism of a test dose of tryptophan. Normal subjects excreted an additional 3 to 5 ,uM of acetylkynurenine and 15 to 30 !&M of kynurenine during the first 24 hours after ingestion of 9.8 mM of L-tryptophan (14, 16). In subjects ingesting isoniazid, however, the yield of acetylkynurenine reached 20 to 55 times, and of kynurenine 20 to 30 times, these quantities. Xanthurenic acid excretion was not nearly as useful as the excretion of kynurenine or hydroxykynurenine in detecting inability to metabolize tryptophan in a normal manner, and kynurenic acid excretion was usually normal or less than normal in these subjects.
There appear to be some clinical conditions where the urinary excretion of xanthurenic acid may be normal or less than normal after ingestion of a "loading dose" of tryptophan, while kynurenic acid, kynurenine, and other metabolites may be found in very abnormally high levels (23) . Thus the determination of a single urinary metabolite of tryptophan cannot be relied upon as an indication of abnormal tryptophan metabolism.
Pyridoxine appeared to correct the metabolism of tryptophan without any definite evidence for the need of additional thiamine, riboflavin, or niacin. Niacin in the form of triphosphopyridinenucleotide has been shown to be required for the hydroxylation of L-kynurenine to 3-hydroxy-L-kynurenine (18) . There was some evidence that niacin administration slightly decreased the excretion of kynurenine, but since hydroxykynurenine was not determined in these studies (Figures 1 and 2 ) it was not known whether or not these observations indicated increased hydroxylation of kynurenine. Considerable hydroxykynurenine was excreted by the subjects ingesting the largest doses of isoniazid (Figures 3 and 4) which would indicate that in this one reaction the isoniazid failed to reveal significant antiniacin activity.
Riboflavin supplements were administered to these subjects because it has been reported (24) (25) (26) (27) ) that this vitamin may be involved in the metabolism of tryptophan. Dalgliesh (28) found that rats deficient in both pyridoxine and thiamine failed to excrete the urinary metabolites of tryptophan which were detected in pyridoxine deficiency, and suggested that thiamine may be involved in the formation of formylkynurenine from tryptophan. In the present experiments there was no demonstrable effect of riboflavin supplements on tryptophan metabolism. A slight increase in kynurenine excretion occurred after the thiamine supplements were started, but this was observed under conditions where the kynurenine excretion was increasing, probably because of the administration of the drugs.
In previous studies (16) conducted in a manner similar to those reported here, but with normal subjects on a constant dietary regimen, it was found that the increase in urinary tryptophan metabolites after supplementation with 9.8 mM of the amino acid would account for about 2 per cent of the administered tryptophan. Slightly less than half of the tryptophan was accounted for as the pyridone metabolite of niacin. Such results might be interpreted to indicate that very little tryptophan enters the kynurenine pathway under normal conditions. In the present experiments as much as 40 per cent of the -9.8 mM dose of tryptophan was accounted for in the urine in the form of kynurenine and its metabolites. Thus, subjects ingesting isoniazid either converted more than normal amounts of tryptophan to kynurenine and related substances, or they were unable to convert these intermediates to the usual end products at a normal rate.
The enzyme system tryptophan peroxidase, which initiates the conversion of tryptophan to kynurenine, has been shown to be adaptive (29) . Administration of substances like kynurenine, histamine, phenylalanine, cortisone, and especially tryptophan itself have been found to increase the activity of tryptophan peroxidase in rat liver (29) . Thus it may be possible that patients ingesting isoniazid convert more than the normal quantity of tryptophan to kynurenine. However, since there is so much evidence to indicate that isoniazid has an antagonistic effect on pyridoxine in man (3, 5) and the metabolites found in large quantities in the urine in the present studies were identical with those detected in the urine of pyridoxinedeficient rats (12) , it appears reasonable to explain the present findings in terms of incomplete metabolism of the kynurenine produced. Dalgliesh and Tabechian (30) have recently discussed the metabolic fate of tryptophan and have suggested that considerable tryptophan may normally enter this pathway and may be converted to 3-hydroxyanthranilic acid and then to non-aromatic products. This conclusion was reached by eliminating other metabolites of kynurenine, such as kynurenic and xanthurenic acids, as likely precursors of unknown major metabolites because they appeared to be relatively inert from a metabolic standpoint, while 3-hydroxyanthranilic acid has been shown to be metabolized rapidly (31) (32) (33) . Although it is now known that kynurenic acid and xanthurenic acid cannot be regarded as metabolically inert, since both have been shown to be dehydroxylated in the 4-position (34, 35) , there is little evidence to suggest that these quinoline derivatives are excreted in quantities adequate to account for the majority of supplements of L-tryptophan. The results of the present study, therefore, cannot be regarded as in disagreement with the explanation offered by Dalgliesh and Tabechian (30) for the normal metabolic fate of the major part of a tryptophan supplement.
The differences in the patterns of the urinary metabolites produced by isoniazid and deoxypyridoxine were striking. Xanthurenic and kynurenic acids were both excreted in abnormally large quantities during ingestion of deoxypyridoxine, while less than normal amounts of kynurenic acid and only moderately increased quantities of xanthurenic acid were excreted under the influence of isoniazid. Since kynurenine and hydroxykynurenine were produced in large amounts in the presence of each drug it would appear that in vivo isoniazid was a better inhibitor of kynurenine transaminase than deoxypyridoxine.
SUMMARY
The influence of isoniazid and deoxypyridoxine on the urinary excretion of tryptophan metabolites by tuberculous patients was studied. The subjects all had essentially normal tryptophan metabolism prior to treatment with these drugs.
During treatment with isoniazid or deoxypyridoxine, 3-hydroxykynurenine was excreted in the urine in quantities adequate to account for from 10 to 25 per cent of a 9.8 mM (2 Gm.) supplement of L-tryptophan. Kynurenine was often excreted in quantities equivalent to 5 to 10 per cent of the trpophan administered, while N-a-acetylkynurenine and xanthuremic acid were also excreted in abnormally large amounts. The excretion of kynurenic acid was slightly less than normal during isoniazrid treatment and abnormally high when deoxypyridoxine was administered. Normal or slightly less than normal amounts of o-aminohippuric acid, anthranilic acid glucuronide, anthranilic acid and N-methyl-2-pyridone-5-carboxamide were found in the urine after ingestion of tryptophan during treatment with either drug.
Pyridoxine administration resulted mi a return to normal tryptophan metabolism even when the ingestion of isoniazid or deoxypyridoxine was continued. Supplemental thiamine, riboflavin, or niacin had little, if any, effect on the abnormal tryptophan metabolism produced by these drugs.
